Summary. The present investigation was undertaken to determine and characterize glucagon immunoreactivity in plasma from normal NMRI mice and from dystrophic mice and their unaffected littermates of the 129/ReJ strain. Very young dystrophic mice (6 weeks old) displayed much higher basal levels of plasma glucagon immunoreactivity than normal mice. In contrast, plasma concentrations of insulin and glucose were lower in these dystrophic mice than in normal NMRI mice. The plasma glucagon levels declined with age in both strains during the time-period studied (1.5-5 months). Gel filtration of plasma from dystrophic as well as normal mice on Sephadex G-200 revealed that a large part of the total glucagon immunoreactivity was eluted in fractions containing the immunoglobulins. The amount of the 'true' glucagon part was lower in plasma from normal mice (about 0.2 ~tg/1) than in plasma from mice of the dystrophic strain (0.4-0.5 ~tg/1) ). This finding was indirectly corroborated by the observation that a large intravenous glucose load decreased plasma glucagon by approximately 0.2 Ixg/1 in the non-dystrophic NMRI strain and by about 0.4-0.6 ~tg/l in the dystrophic strain. Thus, the ability of glucose to suppress glucagon secretion appeared unaffected in the dystrophic mice. Glucose-induced insulin release, however, was considerably impaired in these animals. It is concluded that mice of the dystrophic 129/ReJ strain have higher plasma levels of'true' glucagon than mice of the non-dystrophic NMRI strain. Whether the abnormally high plasma glucagon levels in the dystrophic strain, particularly in very young dystrophic mice, might contribute to the development of the muscular dystrophy remains to be elucidated.
A large number of studies in different species have been undertaken in order to measure pancreatic glucagon in plasma by radioimmunological techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, it has been difficult to evaluate results from various laboratories because of the different specificity of the various glucagon antisera, crossreaction with extrapancreatic glucagon and with certain globulins present in normal plasma and species differences. Data from the mouse are limited [8, 9] .
In an earlier study it was observed that the pancreas of a dystrophic mouse strain (129/Re J) displayed high concentrations of glucagon as measured by radioimmunological and immunohistochemical methods [10] . Moreover, blood glucose levels were low in these dystrophic mice and the release of insulin was disturbed [10, 11] . To study further the abnormalities of the carbohydrate metabolism in these mice, we have attempted to measure and characterize circulating glucagon immunoreactivity in the dystrophic mice and their unaffected littermates in comparison with normal non-dystrophic NMRI mice.
Materials and Methods

Animals
Female 129/ReJ dystrophic mice and their unaffected littermate controls were obtained from the Jackson Laboratory, Bar Harbor, Maine, USA. The dystrophic animals were homozygous for the dystrophic gene (dy/dy), whereas their clinically unaffected littermates were either heterozygous (dy/Dy) or homozygous normals (Dy/Dy). Each dystrophic mouse was housed with its littermate control in an individual cage and fed on a standard pellet diet (Astra-Ewos, S6dert~ilje, Sweden) supplemented with wheat germ and dried milk. A similar diet was given to female mice of the NMRI strain (a non-dystrophic strain, Laboratory Animal Breeding, Laven, Denmark). M1 animals had free access to food and tap water before and throughout the study.
0012-186X/82/0022/0258/$01.20 Age (months) Fig. 1 . Basal plasma glucagon immunoreactivity in relation to age in non-dystrophic NMRI mice (n = 10) ( ), in dystrophic mice (n = 19) ( ..... ) and their unaffected littermates (n = 18) ( ..... ) of the 129/ReJ strain. All data are expressed as mean + SEM. There are significant differences between the NMRI mice and the other groups of mice at all time points recorded
Determination of Glucagon Immunoreactivity in Mouse Plasma
Blood (100 gl) was collected by orbital puncture in unanaesthetised mice into iced tubes containing aprotinin 10 ~tl (15,000 kallikrein inactivator units, KIU/ml). After centrifugation, plasma (25 lxl) was pipetted into chilled glass tubes containing phosphate buffer 75 p3 (0.04 tool/l, pH 7.4) with human serum albumin 1 g/l, NaCI 103 mmol/1; aprotinin 200 KIU/ml and sodium merthiolate 0.59 mmol/l. The tubes were stored at -20 ~ C until analysed. The concentration of glucagon immunoreactivity was measured with alcohol-precipitation of the antibody-bound glucagon immunoreactivity [3] using antiserum K 964 (Novo Research Institute, Copenhagen, Denmark). This antiserum is raised in rabbits and directed against the C-terminal residue of porcine pancreatic glucagon. The antiserum was stored in a phosphate buffer (0.04 tool/l, pH 7.4) with the addition of human serum albumin 1 g/1 (Behringwerke AG, Marburg, Germany) and used in a final dilution of 1:2 000. Twice crystallized pork glucagon, used as standard, and J25I-labelled porcine glucagon were from Novo Research Institute, Copenhagen, Denmark. They were stored in the phosphate buffer; two standard solutions were also added NaCl 103 mmol/1 and aprotinin.200 KIU/ml. In the assay, 25 ~tl samples of this buffer solution, containing human serum albumin 60 g/l, were added to glucagon 75 ~tl standard solution. The coefficients of variation were: 7.3% intra-assay (n = 8) and 12.9% interassay (n = 8) at the medium range of the standard curve. The lower limit of detection was 10 ng/l.
Determination of Glucagon Immunoreactivity in Gel Filtrated Mouse Plasma
Pooled plasma (0.5 ml) from NMRI mice, dystrophic mice and unaffected littermates was applied to a Sephadex G-200 column (1.6 x 85 cm). The plasma was eluted with buffer consisting of glycine sodium hydroxide (0.2 tool/l, pH 8.8), human serum albumin 2.5 g/l and aprotinin 500 KIU/ml. The flow rate was 7.2 ml/h. Filtration was performed at 4 ~ C, and the fractions (3.7 ml) were stored at -20~ until analysed for content of glucagon immunoreactivity. Absorbance at 280 nm was recorded for identification of the presence of protein.
For calibration of the column, Blue Dextran (Pharmacia, Uppsala, Sweden), human immunoglobulin (Kabi, Stockholm, Sweden) and 125I-glucagon were used. 125I-Glucagon was applied twice, first together with plasma (0.5 ml) from NMRI mice and then together with a mixture of human immunoglobulin 12.5 mg and human serum albumin 10 mg, in mannitol 0.4 mol/l, the final volume being 0.5 ml. On both occasions 125I-glucagon 7.4 ng (specific activity 228 ~tCi/~tg) was used and the lzSI-glucagon was recovered in the same elution position.
The concentration of glucagon immunoreactivity in the fractions from the gel filtration was measured by radioimmunoassay using antiserum K 964. The antiserum, standards and 125I-labelled glucagon were from Novo, Copenhagen, Denmark and identical to those used for measuring the glucagon immunoreactivity in plasma. For the purpose of determining glucagon in the gel filtrated fractions, however, they were stored in the glycine buffer. When assaying the fractions, 10 l-d of a solution of NaCI 1.02 mol/1 was added to 90 ~1 of the fraction content, and to this solution the antiserum and the tracer were added. Tubes without antiserum served as controls for the non-specific precipitation.
Determination of Plasma Immunoreactive Insulin and Plasma Glucose
Plasma concentrations ofimmunoreactive insulin were determined by radioimmunoassay [12] . Concentrations of plasma glucose were determined enzymatically [13] .
Experiments in Vivo
D-glucose (British Drug Houses, Poole, UK) was injected IV into a tail vein; 0.22 mmol/mouse was given and the volume load was 10 ~tl/g body weight. Blood was sampled by orbital puncture in conscious mice [14] immediately before and at different intervals after the injection. In this particular experiment hormone analysis was performed on two 10 ~tl plasma samples. L-Arginine hydrochloride (British Drug Houses, Poole, UK) was injected IV (2.38 mmol/kg) and blood was sampled immediately before and 2 min after the injection (peak level of glucagon concentration in mouse plasma following a rapid IV injection of L-arginine).
Results
Determination of Glucagon in Plasma from the Different Strains
Blood samples were taken from unanaesthetized mice at 1.5, 3.5 and 4.5 months of age and the plasma concentrations of glucagon immunoreactivity were measured. Figure 1 shows the values in the three groups of mice during this time period. It is seen that the plasma concentrations of glucagon were higher in the younger mice than in adults. It can also be seen that the concentrations of glucagon were higher in the 129/ReJ strain than in non-dystrophic NMRI mice, and that the dystrophic mice had values above their littermate controls. At 1.5 months of age the plasma levels of glucagon, insulin and glucose were recorded (Table 1 ). It appears that dystrophic mice had low levels of glucose and insulin and high levels ofglucagon compared with normal non-dystrophic NMRI mice. 
Influences of Aprotinin, Temperature, and Dilution on Determination of Glucagon in Mouse Plasma
Plasma samples taken with or without the addition of aprotinin and then stored for 6 h at room temperature had virtually the same glucagon concentration (0.59 _+ 0.02 and 0.55 _+ 0.02 lxg/1) as samples taken in icechilled tubes with aprotinin (0.56 +_ 0.02 lxg/1) (mean + SEM). In addition, L-arginine (2.38 mmol/kg) was injected IV to stimulate the secretion of glucagon. Plasma samples were taken 2 min after the injection and analysed for glucagon. Arginine induced an increase in plasma glucagon by 0.59 ___ 0.08 txg/1 above basal. When the 2 min samples were taken without aprotinin, the increase in plasma concentrations of glucagon was 0.55 _+ 0.10 ~g/1 (mean + SEM). The effect of plasma dilution on the apparent glucagon concentration in mouse plasma is seen in Figure 2. Plasma samples with both high (arginine-stimulated) and low glucagon levels were chosen. The observed values do not deviate significantly from the expected values.
Effects of Glucose on Plasma Concentrations of Glucagon Immunoreactivity, Immunoreactive
Insulin, and Glucose. D-Glucose (0.22 mmol/mouse) was injected IV to mice at the age of 5 months. Blood samples were taken immediately before the injection and at different time intervals thereafter. The initial plasma glucose levels were 4.34 + 0.15 mmol/1 in dystrophic mice, 4.77 + 0.08 mmol/1 in littermates, and 5.46 + 0.37 mmol/1 (mean + SEM) in NMRI mice. Figure 3 shows the depression of plasma glucagon by glucose in all three groups of mice to about half of the pre-injection level. The values decreased during the first 30 min and thereafter stabilised. Also shown are the changes in the levels of plasma insulin and glucose in response to the glucose injection: insulin release was greatest in the non-dystrophic NMRI strain. It should be noted that this large insulin release in the NMRI mice was obtained with a lower total dose of glucose (Fig. 3) , since each mouse received the same glucose load (0.22 mmol/mouse) and the body-weight of the NMRI mice was generally somewhat higher than that of the 129/ReJ mice. Calculation of the glucose elimination rate (k-value) in the dystrophic animals (k = 2.79 ___ 0.24)and their littermates (k = 4.84 + 0.66) (mean _+ SEM) demonstrated a significant impairment of glucose tolerance in the dystrophic mice (p < 0.025). The k-value for NMRI mice could not be accurately calculated in the present experiment because in some of these mice initial plasma glucose levels had already been reached after 15 min (Fig.3) .
Gel Filtration of Plasma
Pooled plasma from the three different groups of mice, 0.5 ml from each, was applied to a Sephadex G-200 column and eluted with glycine buffer (Fig. 4) . All three groups displayed immunoassayable glucagon in the fractions where glucagon should be eluted, according to the elution profile of 125I-glucagon. The total glucagon content in these fractions was 98 pg for non-dystrophic NMRI mice (Fig. 4A) , 257 pg for the dystrophic mice (Fig. 4 B) and 207 pg for their unaffected littermates (Fig. 4 C) .
All three groups also had a large quantity of glucagon immunoreactivity in the fractions where the immunoglobulins were eluted. The total amount of glucagon immunoreactivity in these fractions was 696 pg for NMRI mice, 527 pg for dystrophic mice, and 453 pg for their unaffected littermates.
Determination of Glucagon Immunoreactivity in Solutions of Human Immunoglobulin
Since glucagon immunoreactivity was found in fractions containing immunoglobulins, solutions with known concentrations of human immunoglobulins were made in glycine buffer and glucagon immunoreactivity was recorded. Figure 5 shows that human immunoglobulins display glucagon immunoreactivi- ty and that this immunoreactivity is dependent upon immunoglobulin concentration. However, after addition of similar amounts of human immunoglobutins to mouse plasma, recovery of the glucagon immunoreactivity was reduced (Fig. 5) . Apparently circulating concentrations of immunoglobulins (20 mg/ml) may contribute to basal assayable glucagon immunoreactivity in plasma. increase in glucagon immunoreactivity by reactants in human immunoglobulins added to glycine buffer ( ) or added to mouse plasma in the routine assay ( ..... )
Discussion
The present study shows that it is possible to assay glucagon in small samples of plasma (10-25 ~tl) from individual small animals such as the mouse. Since unknown reactants in plasma immunoglobulins apparently interfere in the assay of the basal plasma glucagon levels, it seems advisable to measure and calculate the acute changes in plasma glucagon from basal values rather than the absolute values when studying glucagon release mechanisms in these small animals in vivo. Chromatography of mouse plasma revealed that a large part of the glucagon immunoreactivity was eluted in fractions containing the immunoglobulins, and only a minor part in the fractions where the 125I-glucagon was eluted. Thus, the chromatogram suggests that the immunoglobulins in mouse plasma may cross-react with the glucagon antiserum. However, the data do not exclude the possibility that moieties different from the immunoglobulins, although of similar size, could be responsible for this large glucagon immunoreactive fraction. An interference of human immunoglobulins with glucagon antisera has been reported previously [6] , and is further demonstrated by the 'standard curves' obtained when measuring glucagon immunoreactivity in solutions containing human immunoglobulins (Fig. 5 ). Since only a certain fraction of the glucagon immunoreactivity in immunoglobulins added to plasma was recovered in the assay, it is conceivable that when plasma glucagon is assayed, the ratio: "'true' glucagon/glucagon immunoreactivity in immunoglobulins", is not as small as would be suggested by the gel filtration studies, i. e. part of the glucagon immunoreactivity in the immunoglobulins seems to be masked in plasma.
The fractions containing immunoglobulins may consist of 'big plasma glucagon ' [15] or the 'interference factor ' [16] . These are both high molecular weight factors reacting with glucagon antisera, but their relation to glucagon and glucagon metabolism or to immunoglobulins is not fully established. It should also be noted that immunoglobulins interfere with the radioimmunoassay of gastrin [17] .
Dystrophic mice, and their littermate controls, had higher values of plasma glucagon immunoreactivity than normal, non-dystrophic NMRI mice. The results from the gel filtration studies were similar to those in the non-dystrophic NMRI mice, in that more than half of the total plasma glucagon was obtained in fractions containing immunoglobulins. However, the dystrophic mice and their littermates had larger amounts of glucagon than NMRI mice. Although it is still possible that these fractions may contain immunoreactive peptides of about the same size as glucagon, it is likely that the higher values of immunoreactive glucagon in the dystrophic mice reflect truly greater levels of circulating glucagon. Such an increase in the dystrophic mice may be consistent with our recent observations of a higher concentration of glucagon in the pancreas and a greater number ofglucagon cells in the islets of the 129/ReJ strain than in the non-dystrophic NMRI strain [10] . Moreover it is noteworthy that the apparent glucagon immunoreactivity of the immunoglobulins in the non-dystrophic NMRI strain was higher than in the dystrophic 129/ ReJ strain although the total amount of serum proteins, as revealed by the protein elution profile, seemed to be similar to the normal non-dystrophic NMRI mice (Fig.4) . It is similarly of interest that muscular dystrophic chickens have reduced levels of IgG but maintain normal levels of total serum proteins, IgA and IgM when compared with normal nondystrophic chickens [18] .
The dystrophic mice were shown to have lower plasma glucose concentrations than normal NMRI mice [10, 11] , and very young dystrophic mice also displayed lower plasma insulin. Apparently the dystrophic mice have an unusual insulin/glucagon balance with a low insulin and a high glucagon level in plasma and, despite this, have a low plasma glucose level. Furthermore, the dystrophic strain had a low and delayed insulin release in response to glucose (Fig. 3) . In earlier studies, other abnormalities in the insulin releasing mechanisms of the dystrophic mice have been demonstrated [10, 11] . Apart from glucose-induced insulin release, insulin secretion stimulated by the sulphonylurea agent glibenclamide is low, whereas insulin release induced by the fl-adrenoceptor agonist isopropylnoradrenaline is enhanced [10, 11] . Whether stimulation of glucagon secretion in these mice will reveal any abnormalities in glucagon release remains to be established. However, the very high plasma glucagon levels measured in young dystrophic animals do indeed suggest abnormal regulation of basal glucagon secretion.
Glucose inhibits the release of glucagon [19] , and we showed that, 30-60 min after an IV injection of a large dose of glucose, the concentrations of plasma glucagon were depressed in all three groups of mice (Fig. 3) . This decrease was about 0.2 ~tg/1 in normal mice and 0.4-0.6 ~tg/1 in dystrophic mice. These values are in fair agreement with the gel filtration glucagon values of approximately 0.2 txg/1 plasma, eluted in the glucagon zone in normal mice, and 0.4-0.5 txg/l in the dystrophic strain. It cannot be excluded that the remaining part of the initial basal glucagon immunoreactivity is the cross-reacting factor(s) found in fractions containing immunoglobulins in the chromatographic study, since in vitro studies with the perfused pancreas have shown that introduction of a glucose concentration as small as 5 mmol/1 causes total inhibition of glucagon secretion [20] .
In summary, the dystrophic mouse strain 129/ReJ displays abnormally high levels of plasma immunoreactive glucagon. Mice with overt muscular dystrophy have higher plasma glucagon levels than their unaffected littermates. Gel filtration studies suggest that the dystrophic strain indeed has higher plasma concentrations of true glucagon than the non-dystrophic NMRI strain. A large part of the basal plasma glucagon in both strains consists of unknown reactants in the immunoglobulin fraction. Whether the observed abnormalities of plasma glucagon values in the dystrophic 129/ReJ strain, particularly in very young dystrophic mice, may contribute, directly or indirectly, to the development of their muscular dystrophic disease remains to be elucidated.
